Intact cells of the denitrifying fungus Fusarium oxysporum were previously shown to catalyze codenitrification to form a hybrid nitrous oxide (N 2 O) species from nitrite and other nitrogen compounds such as azide and ammonia. Here we show that cytochrome P450nor can catalyze the codenitrification reaction to form N 2 O from nitric oxide (NO) but not nitrite, and azide or ammonia. The results show that the direct substrate of the codenitrification by intact cells should not be nitrite but NO, which is formed from nitrite by the reaction of a dissimilatory nitrite reductase.
Most fungi have long been thought to be aerobic organisms. However, recent findings on fungal denitrification, [1] [2] [3] codenitrification, 2, 4) and ammonia fermentation 5) have revealed that many soil fungi have a variety of anaerobic energy metabolisms to rapidly adapt to changes in environmental aerating conditions. This means that they are facultative anaerobes, but not obligatory aerobes as previously thought. Codenitrification is a unique phenomenon catalyzed by many fungi, which forms a hybrid dinitrogen (N 2 ) or N 2 O species by combining nitrogen atoms of nitrite (NO 2 À ) and other nitrogen compounds (co-substrate). The denitrifying fungus Fusarium oxysporum was shown to evolve N 2 O from NO 2 À as the result of both denitrification and codenitrification when a co-substrate (azide, salicylhydroxamic acid (SHAM), or ammonia) is available. 4) Other fungi, such as Fusarium solani and Cylindrocarpon tonkinense, were shown to evolve N 2 as a codenitrification product when amino acids (in peptone) are available.
2) It is still unclear whether the type of the codenitrification product (N 2 or N 2 O) depends on the fungal species by which codenitification is catalyzed or the type of co-substrate.
Cytochrome P450nor (P450nor) is involved in fungal denitrification as nitric oxide reductase (Nor) to reduce NO to N 2 O the reaction mechanism of which is very unique. 6) P450nor receives electrons directly from NAD(P)H unlike other monooxygenase P450s that receive electrons from NAD(P)H via other component(s) such as P450 reductase. 7) Recent results on genome analyses along with the isolation of P450nor genes from several fungi 8) revealed that P450nor is widely distributed among fungi. Here we show that purified P450nor can carry out the codenitrification reaction to form N 2 O by combining nitrogen atoms in NO but not NO 2 À , and a co-substrate (azide or ammonium).
Recombinant P450nor was produced in Escherichia coli (JM109, DE3) cells and purified as reported. 9) Codenitrification reaction due to P450nor was done in the same manner as the enzyme assay method for its Nor activity 6) except that NADH was replaced with a cosubstrate (sodium azide (N 3 À ) or ammonium (NH 4 þ ) chloride). The reaction mixture (5 ml) containing in 50 mM TES buffer (pH 7.2) 4 nM (20 pmol) P450nor and 5 mM co-substrate was put in a 20-ml volume test tube sealed with a double butyl rubber stopper. Anaerobic conditions were attained by degassing and replacing the head space with helium. The conditions are required for the Nor assay since the P450nor reaction is inhibited by oxygen (O 2 ) 6) and NO chemically reacts with O 2 . The reaction was initiated by adding with a syringe 0.5 ml NO gas at 30 C. Under the conditions the NO concentration is calculated as 110 M. During incubation, the test tube was frequently shaken with a Vortex mixer to attain a quick equilibrium between the liquid and gas phases. The reaction product (N 2 O) was analyzed with a Shimadzu gas chromatograph GC12A and a Finnigan MAT Delta Plus isotope mass spectrometer as reported. 10) As shown in Fig. 1A, N 2 O was evolved when NO and a co-substrate (N 3 À or NH 4 þ ) were incubated with P450nor. N 2 O was not evolved at all when NO was replaced with NO 2 À . The rate of N 2 O evolution due to N 3 À was very rapid, almost comparable with that of Nor activity that is attained by replacing co-substrate with NADH (Fig. 1A) . The N 2 O-forming reaction obeyed a y To whom correspondence should be addressed. Tel/Fax: +81-3-5841-5148; E-mail: ahshoun@mail.ecc.u-tokyo.ac.jp Abbreviations: Nor, nitric oxide reductase; P450nor, cytochrome P450nor
Biosci. Biotechnol. Biochem., 68 (2), [473] [474] [475] 2004 Communication saturation kinetics as to N 3 À concentration (Fig. 1B) Here we showed that purified P450nor can catalyze the codenitrification reaction to form a hybrid N 2 O species from NO and a co-substrate, N 3 À or NH 4 þ . The reaction did not require an electron donor such as NADH. Therefore, P450nor was shown to be multifunctional, in that it catalyzes the denitrifying reaction as Nor in the presence of NADH whereas it does codenitrification when NADH is replaced with a cosubstrate. We previously found that intact cells of F. oxysporum evolve a hybrid N 2 O species as a codenitrification product in addition to the denitrification product N 2 O (both nitrogen atoms are derived from NO 2 À ) when the cells are incubated with N 3 À , NH 4 þ , or SHAM under the denitrifying conditions in the presence of NO 2 À . 4) The activity by intact cells was reconstituted here utilizing purified P450nor, whereas the substrate for codenitrification was NO but not NO 2 À . This suggests that NO 2 À is reduced to NO in intact cells by the reaction due to dissimiolatory nitrite reductase prior to the codenitrification reaction and the formed NO is utilized for codenitrification.
It can be concluded from these results that one type of codenitrification forming N 2 O is catalyzed by P450nor. It would be thus intriguing whether another type of codenitrification forming N 2 is also catalyzed by P450nor or not. Such studies are now underway. 
